HLA Class II Molecules Influence Susceptibility versus Protection in Inflammatory Diseases by Determining the Cytokine Profile
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The MHC in humans encodes the most polymorphic genes, the HLA genes, which are critical for the immune system to clear infection. This can be attributed to strong selection pressure as populations moved to different parts of the world and encountered new kinds of infections, leading to new HLA class II alleles. HLA genes also have the highest relative risk for autoimmune diseases. Three haplotypes, that is, HLA-DR2DQ6, DR4DQ8, and DR3DQ2, account for HLA association with most autoimmune diseases. We hypothesize that these haplotypes, along with their multiple subtypes, have survived bottlenecks of infectious episodes in human history because of their ability to present pathogenic peptides to activate T cells that secrete cytokines to clear infections. Unfortunately, they also present self-peptides/mimics to activate autoreactive T cells secreting proinflammatory cytokines that cause autoimmune diseases. The Journal of Immunology, 2013, 190: 513-518.
A mong the great apes (human, chimpanzee, gorilla, and orangutan), humans have the longest lifespan (1) . The low life expectancy in nonhuman primates is due to high mortality rates caused by infections. Similarly, the biggest threat to survival of humans is infections caused by microorganisms (e.g., viruses, bacteria, fungi, parasites). The MHC in humans, the HLA genes, maps to chromosome 6 and is crucial in fighting infections by encoding molecules responsible for controlling the invading pathogens (2, 3) . The MHC is the most dense region of the human genome, encompassing ∼4 million base pairs, or 0.1% of the genome but containing 6-fold more genes (0.6% total genes). Most of these genes encode for proteins of the immune defense system. The HLA complex is divided into three main regions, the HLA classes I, II, and III (2, 3) . Class I and II genes are the most polymorphic in the human genome (see http://www.ebi. ac.uk/imgt/hla). The high polymorphism in this region can be attributed to strong selection pressure as humans moved to different parts of the world and encountered new infections, leading to diversity in MHC genes through mutation and gene duplication and conversion (4) (5) (6) . A population with diverse alleles of HLA classes I and II leads to herd resistance to infection and a survival advantage (7, 8) .
The HLA class II molecule is composed of two polypeptides chains (a and b). Each a-and b-chain has two domainsa highly conserved a 2 and b 2 region and a highly polymorphic a 1 and b 1 domain (2). Because a 1 and b 1 come together to form the Ag-binding groove, high polymorphism in this region leads to generation of new class II molecules with ability to recognize new epitopes. The class II molecules are expressed on APCs, such as B lymphocytes, macrophages, dendritic cells, endothelial cells, and other organ-specific APCs. Crystal structure shows that class II molecules have a single peptide-binding groove that can accommodate various peptides of 14-25 aa, depending on charge, stability, and binding affinity (9) . The class II region codes genes for three class II molecules, that is, DP, DQ, and DR. The DRb1 genes are the most polymorphic, with almost 450 alleles known at present. The HLA-DR, DP, and DQ genes are in linkage disequilibrium and are inherited en bloc as a haplotype.
Human populations have gone through various infectious episodes in evolution, where severe uncontrolled infections led to a high mortality rate, termed a bottleneck, because only a small percentage survived. Survival of the individuals from these bottlenecks was suggested to be due to the presence of specific HLA class II alleles that were able to mount an effective immune response and clear the infection (4, 5, 10, 11) . Thus, only those HLA class II alleles that can overcome a population bottleneck survived and were passed on to the next generation. The HLA class II molecules that survived the episodes went through random mutation or gene conversion, or both, to generate novel alleles that, again, were put through natural selection to generate a better class II allele.
In evolution, HLA alleles offering an advantage during reproductive years have been selected and occur in the pop-ulation with much higher frequencies. We used the MHC class II prediction model to compare the generation of an antigenic peptide pool between mouse class II (H2-IA) and human HLA-DR molecules. We used myelin oligodendrocyte glycoprotein (MOG) as a self-Ag to predict whether HLA-DR molecules bind this Ag better than do mouse class II molecules. Using the Immune Epitope Database Analysis Resource (http://tools.immuneepitope.org), we observed that among the top 100 binders, 79 were HLA-DRB1*1501 epitopes, with 21 predicted to bind mouse class II. We also ran prediction for mouse hepatitis virus as an infectious agent and found similar results, where .70% of top binders were HLA-DRB1*1501 epitopes. This was also true for HLA-DRB1*0301 and *0401.
Thus, these T cell epitope prediction data support our hypothesis that during evolution, promiscuous HLA class II alleles with capacity to recognize a large pool of Ags were selected. In humanized mice, the DQ8 molecule linked with diabetes and rheumatoid arthritis (RA) selects a larger pool of VbT cell repertoire than do DQ6 and DR molecules (12) . A number of studies in various ethnic populations support this hypothesis. The African population is considered the oldest and most diverse compared with other populations, such as whites. In analysis of DRB-DQA-DQB polymorphism through RFLP, Olerup et al. (13) observed that HLA class II genes were twice as polymorphic in the African population as in whites, and they suggested that the population bottleneck might have led to generation of a European white population. Another example of population bottleneck and selection of HLA class II is the presence of a restricted set of HLA alleles in Ticuna Indians, which faced severe selection pressure because of novel pathogens introduced by Europeans in the 15th century (14) . A recent meta-analysis on the relationship between HLA class II polymorphism and hepatitis B virus infection showed that persons carrying the HLA-DR4 allele were significantly associated with clearance of hepatitis B virus infection (15) . Similarly, presence of HLA-DRB1*0401 and DRB1*1501 had been linked with increased clearance of hepatitis C virus infection (16) .
Thus, HLA-DQ and DR molecules have evolved to present pathogenic peptides to activate a subset of CD4 T cells that secrete specific cytokines to clear infections. Furthermore, the presence of certain HLA-DR and DQ alleles together (linkage disequilibrium) might lead to generation of CD4 T cells with more diverse repertoire as compared with HLA-DR or HLA-DQ alone. We hypothesize that three MHC class II haplotypes, that is, DR2 (DRb1*1501)/DQ6 (DQb1*0602), DR3 (DRb1*0301)/DQ2 (DQb1*0201), and DR4 (DRb1*0401)/ DQ8 (DQb1*0302), have survived bottlenecks of infectious episodes in the history of humankind and generated new subtypes that are effective in clearance of infections. The presence of these haplotypes at higher gene frequency in every geographical location, ethnic population, and racial group supports our hypothesis (17) . Unfortunately, the presence of these HLA class II alleles also predisposes them to develop autoimmunity because of their ability to activate autoreactive T cells in a small subset of people carrying the haplotype.
CD4 T cell subsets
Recognition of the MHC peptide complex by CD4 T cells leads to secretion of cytokines. CD4 T cells are differentiated on the basis of the type of cytokines they secrete. Because CD4 T cells help other cells through secretion of cytokine, they are also called Th cells to differentiate them from cytotoxic CD8 T cells activated by MHC class I peptide complex. Initially, Th cells were divided into two subsets, a Th1 subset secreting IL-2 and IFN-g responsible for cellular immunity, and a Th2 subset secreting IL-4 required for humoral immune response (18, 19) . The division was followed by an addition of a subset of regulatory CD4 T cells that secrete IL-10 and TGF-b (20) . However, presence of inflammatory diseases such as arthritis and experimental autoimmune encephalomyelitis (EAE) in IFN-g-deficient mice indicated existence of other Th cell subsets and led to the discovery of the Th17 subset secreting IL-17 and IL-23 (21) .
Recently, other Th cell subsets have been assigned on the basis of the secretion of IL-9 (Th9) or IL-21 (T follicular helper) (22) . Thus, the current knowledge of T cell characterization is based on the cytokine secretion pattern of CD4 T cells, and this wide array of cytokines help in various tasks associated with immune function. Because the main function of the MHC molecule is to clear infection through activation of adaptive immune response, and the cytokines secreted by the activated CD4 T cells play a major role in this process, it can be argued that MHC molecules control immune response through activation of specific CD4 T cells that determine the cytokine network.
Bacterial pathogens can be divided into two major categories on the basis of their postinfection location-intracellular (e.g., Mycobacterium tuberculosis, Leishmania major, Cryptosporidium parvum) and extracellular (e.g., Borrelia burgdorferi, Klebsiella pneumoniae). To fight these two different kinds of infections, two different types of Th cell subsets evolved, called Th1 and Th17 cells. Th1 response protects against intracellular infections by secreting IFN-g (23) , which induces cellular immunity and a phagocytic pathway leading to cell lysis (2, 24) . IFN-g activates a number of genes after binding to the IFN-g receptor, expressed on most immune cells, including macrophages. IFN-g also activates differentiation of Th1 cells, suppresses differentiation of Th2 and Th17 subsets, and activates NK cells, macrophages, and CD8 T cells.
Activation of macrophages by IFN-g has an important role in the clearance of microbes, as they produce IL-1, TNF-a, IL-6, and IL-8. In contrast, extracellular infections are controlled by the Th17 subset of T cells secreting IL-17 (25, 26) . Th17 cytokine, such as IL-17, helps in clearing infections through recruitment of neutrophils to the infected tissue. Nonimmune cells, such as fibroblasts, endothelial cells, airway smooth muscle cells, and epithelial cells, also express IL-17 receptor, and IL-17 induces the proinflammatory mediators IL-1b, IL-6, TNF-a, GM-CSF, G-CSF, NO, and chemokines (CXCL1, CXCL8, CCL2, CCL7, and CCL20). IL-6 is a known activator of Th17 subsets and acts in a positive feedback loop to amplify differentiation of Th17 cells besides activating acute phase protein and complement. IL-17 is also an efficient B cell helper and promotes formation of a germinal center, Ab production, and isotype class switching (21) . The IL-17-induced humoral immune response plays an important part in neutralization and clearance of extracellular bacteria (27) .
During viral infection, IFN-g-secreting CD4 Th1 cells have shown an important role in the generation of effective CTL response, as well as humoral immune response (28) 
The importance of IFN-g in clearance of viral infection is highlighted by the fact that most viruses encode for the proteins that prevent induction of IFN-g or its signaling.
Although recent studies have shown induction of Th17 cells after viral infections, little is known about their regulation and function. In contrast to IFN-g, Th17 cells have been shown to play an important role in host defense against fungal infection as Candida (25) . Mice with targeted defects in IL-17 receptors or IL-23p19 have shown increased tissue fungal burdens and reduced survival (29) . In most cases, inflammation subsides after infection is cleared; however, an overexuberant proinflammatory Th1 or Th17 response can lead to tissue damage that results in an inflammatory disease and autoimmunity, such as RA and multiple sclerosis (MS).
We hypothesize that during evolution, MHC molecules might have been positively selected on the basis of their ability to activate the Th1 (IFN-g), Th2 (IL-4), or Th17 (IL-17) subset of T cells, required for protection from extracellular or intracellular, or both, pathogens and parasitic infections (Fig.  1) . Because protection from intracellular pathogens requires IFN-g (Th1), the MHC class II molecule HLA-DQ6 (*0601) or comparable class II molecules with ability to induce strong IFN-g response were positively selected. Similarly, MHC class II molecules, such as DQ8 (*0302), were selected for their ability to induce the Th17 subset of helper CD4 T cells, which are required for clearance of extracellular pathogens. However, the HLA-DR molecule seems to be more promiscuous because it activates both Th1 and Th17 subsets, although at a lower intensity than do DQ molecules. Interestingly, recent studies have shown that IL-17-secreting Th17 subsets play an important role in control of infection at mucosal surfaces, such as lungs and gut (30) .
MHC and autoimmunity
Affinity binding of a self-peptide to MHC leads to positive selection of T cells in the thymus (2) . CD4 T cells with moderate affinity for the MHC self-peptide complex are selected to fight infection; those with high or low affinity are deleted. However, this selection is not absolute because some CD4 T cells of low affinity escape deletion and join the T cell pool in the periphery. Activation of these CD4 T cells that recognize self-protein leads to development of autoimmunity later in life. A promiscuous MHC class II molecule is good for host defense against infection but might lead to activation of autoreactive T cells.
Three main steps occur in the development of autoimmune diseases. First, predisposition to disease susceptibility is due to the presence of certain HLA class II alleles/haplotypes. However, not all individuals who carry a susceptible haplotype have disease, indicating involvement of other factors, such as environment, that might act as a second hit leading to precipitation of disease in certain individuals. Progression of the disease depends on the cytokine and chemokines secreted by the various CD4 T cell subsets.
Autoimmunity-prone HLA haplotypes HLA-DQ8/DR4 haplotype. HLA-DQ8/DR4 is the most autoimmune-prone haplotype in humans with a high relative risk for RA, type 1 diabetes, celiac disease, MS, and other diseases (31, 32) . However, it occurs with the highest frequency among all human HLA-DR and DQ haplotypes. During evolution, HLA-DQ8 (DQb1*0302) might have been selected on the basis of its ability to induce the Th17 subset of T cells to secrete IL-17 and protect from infections due to extracellular pathogens. Because most extracellular pathogens gain entry through mucosal surfaces, the DQ8 allele might have played an important role in host survival because IL-17 and Th17 subsets are vital.
How did the DQ8 molecule acquire this ability? A crystal structure of the DQ8 molecule shows that the peptide-binding groove has a deep P4 pocket and a shallow P9 pocket capable of binding multiple peptides with moderate affinity (33) . Certain peptides such as gliadin can bind in multiple orientations (34) . Thus, the DQ8/peptide complex can activate a large number of CD4 T cell subsets (Th17) to clear infection. Still, DQ8 can also bind multiple self-peptides during thymic education to positively select autoreactive CD4 T cells. A person with DQ8 expression is born with a large pool of autoreactive CD4 T cells waiting to be activated to cause autoimmunity. Naive HLA-DQ8 transgenic mice contain multiple autoreactive T cells (12) . Thus, the present DQ8 gene resulted from thousands of years of evolution and gene conversion to produce a promiscuous molecule that is efficient in presenting peptides from infectious agents to activate Th17 cells to clear infection, but which also can cause autoimmunity. The DQ8 allele occurs in linkage with 1 of the .50 different HLA-DR4 subtypes in making the HLA-DQ8/DR4 haplotype. The DQ8/*0401 is linked to RA, but DQ8/*0402 is not (35) . HLA-DQ6/DR2 haplotype. HLA-DQ6.1 (DQB1*0601) allele is found at increased frequency in Asia but is mostly absent in whites, who carry the DQ6.2 (DQB1*0602) allele. Data from our transgenic mice showed that HLA-DQ6.1 induced high levels of IFN-g (36) and thus might have been positively selected in Asian populations because of the ability to control infection caused by intracellular pathogens, such as M. tuberculosis. HLA-DQ6.1 is linked with HLA-DRB1*1502; HLA-DQ6.2 is linked mostly with HLA-DRB1*1501. All HLA-DR2 subtypes (HLA-DRB1*1501, 1502, and 1503) produce moderate levels of Th1 and Th17 cytokines. In MS, the strongest genetic association is observed in the presence of HLADQb1*0602/DRb1*1501 (DQ6.2/DR2) haplotype in the white population and HLA-DQb1*0602/DRb1*1503 in the African American population (37) . At the same time, HLA-DQ6.1 (DQB1*0601) allele is associated with decreased risk of MS.
To better understand the role of DQ6 versus DR2 in susceptibility to MS, we generated HLA class II transgenic mice expressing HLA-DQ6.1 (DQB1*0601), HLA-DQ6.2 (DQB1*0602), and the HLA-DRB1*1501, 1502, and 1503 alleles and investigated their susceptibility to EAE, an animal model to study human MS. We observed that in contrast to RA, where HLA-DR4 and HLA-DQ8 mice were susceptible to disease, only HLA-DR2 transgenic mice were susceptible to MOG-induced EAE. All three DR2 subtypes (DRB1*1501, *1502, and *1503 alleles) were susceptible to MOG-induced EAE and produced moderate levels of both Th1 and Th17 cytokines, indicating a role of both pathways in disease development (31) . At the same time, HLA-DQ6.1 (DQB1*0601) transgenic mice and HLA-DQ6.2 (DQB1*0602) were resistant to disease development. Double-transgenic DR2/DQ0601 mice had a much lower incidence and severity of disease, confirming human data that DQ6.1 is protective. Theiler's murine cncephalomyelitis virus infection of susceptible mouse strains leads to acute inflammation and subsequent demyelination. Introduction of human class II transgene such as HLA-DR2 and DQ6 protects these mice from demyelination compared with wild-type mice. The clearance of Theiler's murine cncephalomyelitis virus is associated with increased levels of IFN-g in the CNS of the protected mice (38) .
HLA-DQ6 (0601) downregulates autoimmunity
To understand the mechanism of the protection induced by HLA-DQ6, we compared cytokine response between DQ6 and DR3 in mice immunized with proteolipid protein (PLP) 91-110 peptide. The EAE-susceptible HLA-DR3 mice immunized with PLP 91-110 produced moderate levels of IFN-g, IL-17, IL-22, and IL-23 whereas the EAE-resistant DQ6 and DR3/DQ6 mice produced high levels of IFN-g (36) . To determine whether high levels of IFN-g produced by DQ6.1-restricted CD4 T cells were downregulating EAE, we performed neutralization studies. Neutralization of IFN-g in DQ6/DR3 mice led to increased disease incidence, confirming a protective role of IFN-g. IFN-g can suppress inflammation through multiple pathways, such as induction of CD4 + CD25 + Foxp3 + regulatory T cells, induction of NO, and direct apoptosis of activated CD4 + T cells. The protective role of IFN-g in autoimmune disease had been shown earlier because IFN-g-deficient mice had severe EAE, as well as collagen-induced arthritis, on immunization with their respective autoantigens (39) .
To further confirm the role of IFN-g in protection to EAE, we crossed HLA-DR3 transgenic mice with IFN-g-deficient mice. These HLA-DR3.IFN-g 2/2 mice have severe EAE characterized with severe brain plaque, a hallmark of human MS pathology. Ag-specific CD4 T cells produce high levels of IL-17, indicating that IFN-g might regulate propagation of Th17 subsets. High IL-17 levels have been shown previously to result in more brain-specific disease and pathologic characteristics (40) . Thus, presence of DQ6.1 is associated with induction of high IFN-g-producing CD4 T cells, an advantage in fighting infection and in downregulating autoimmunity. In whites, MS is linked with HLA-DQ6.2 (0602) allele, and DQ6.2 transgenic mice are susceptible to EAE induced by PLP [178] [179] [180] [181] [182] [183] [184] [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] [196] [197] and myelin-associated oligodendrocytic basic protein (41, 42) . These studies suggest some interesting evolutionary development of DR2, DR3, and DQ6 genes. DR3 transgenic mice produce moderate levels of Th1 and Th17 cytokine, suggesting they had to survive both intracellular and extracellular infection (Fig. 2) . DQ6.1 induces high levels of IFN-g to combat intracellular infections (Fig. 3) . The high levels of IFN-g also downregulate IL-17 produced by HLA-DR-restricted Th17 cells to prevent autoimmunity. As early humans moved into Europe, the DQ6.1 gene mutated to DQ6.2 to produce both IFN-g and IL-17 to combat new pathogens. This conversion resulted in increased autoimmunity linked to this haplotype.
HLA-DQ8 exacerbates autoimmunity
The presence of DQ8 gene in either cis or trans results in high incidence and severity of autoimmune diseases. For example, individuals heterozygous for DR3.DQ2/DR4.DQ8 have the highest disease incidence and severity for type 1 diabetes and celiac disease (43) . We tested the role of DQ8 in disease exacerbation in our EAE model. Presence of DQ8 with either DR2 (DQ8/DR2), DR3 (DQ8/DR3), or DR4 (DQ8/DR4) results in severe disease and CNS pathology (31, 44) . DQ8/ DR3 transgenic mice with EAE showed widespread brain pathologic characteristics, with severe inflammation and demyelination in all parts of the brain, including cerebellum, brain stem, cortex, corpus callosum, striatum, and meninges. Pathologic analysis showed typical loss of parenchymal white matter, the classic pathologic sign observed in MS. DQ8/ DR3 double-transgenic mice also showed increased inflammation and demyelination in the spinal cord.
Using DQ8/DR3 double-transgenic mice, we had observed that the increased disease severity in DQ8/DR3 transgenic mice was due to induction of IL-17 and GM-CSF-producing CD4 T cells by the DQ8 molecule (44, 45) (Fig. 2) . To confirm the proinflammatory role of IL-17, we neutralized IL-17 in DQ8/DR3 mice immunized for EAE induction. Blocking of IL-17 suppressed the disease incidence, as well as severity, indicating that IL-17 has an important role in induction and progression of disease in EAE. IL-17 binds to IL-17 receptor expressed on numerous cells, including endothelial cells, epithelial cells, and cells of the immune system.
Activation of the IL-17 receptor leads to a cascade of cytokine and chemokines, culminating in the generation of a strong inflammatory response. IL-17 can induce production of other inflammatory cytokines, such as IL-1b, IL-6, TNF-a, and GM-CSF, besides several chemokines, such as CCL20, CXCL1, and CXCL2 (21) . The chemokine helps in recruitment of neutrophils to inflamed tissue. IL-17 also causes increased production of reactive oxygen species from brain endothelial cells, leading to disorganization of tight junction and increased permeability of the blood-brain barrier. These results cause increased infiltration of inflammatory cells inside the CNS. Once inside the CNS, IL-17 can induce microglia and astrocytes for increased production of IL-1b and IL-6, which help in induction of more Th17 cells. DQ8/DR3 mice with EAE show increased infiltration inside the CNS besides production of high levels of IL-17 in brain-infiltrating cells (45) . We further observed that DQ8/DR3 mice with EAE have increased levels of IgG and complement deposition in the brain, indicating that IL-17 might also help in induction of humoral immune response. Recently, it has been shown that IL-17 can induce formation of a germinal center inside the CNS (46) . Thus, IL-17, through modulation of multiple pathways, causes increased inflammation and demyelination in the CNS, leading to pathologic factors of disease. Similar destructive pathways might be activated in other autoimmune diseases such as RA. Observations in DQ8/*0401 mice support this hypothesis (47) .
Conclusions
The main function of the MHC gene is clearing infection and thereby survival of species. HLA genes evolved during thousands of years as humans moved through different parts of the world. The major HLA class II haplotypes DR4/DQ8, DR3/ DQ2, and DR2/DQ6 and class I molecules such as B27 are critical in generating efficient immune response to pathogens. They present multiple peptides to activate T cells, B cells, and NK cells and secrete cytokines to control pathogens. Unfor-tunately, these cells sometime target self-Ags and cause autoimmunity. Thus, autoimmunity is the price paid for clearance of infections and survival of the species.
